ABSTRAcr The responses to exercise were studied in 41 patients with pulmonary fibrosis, in whom vital capacity (VC) was reduced to 62% of predicted normal values. Maximum power output (POmax) was 53% predicted; there was a significant relationship between POma0 and VC (r = 0.564). The maximum ventilation achieved during exercise was also related to VC (r = 0.614). Although arterial oxygen saturation (Sao2) fell by more than 5% in 13 of 31 patients, there was no relationship between either Sao2 at POmax or the exercise related fall in Sao2 and POmax.
tilatory response to exercise was within normal limits for the patients as a whole; those subjects with the lowest POm, showed relatively higher ventilatory responses to exercise but the difference was not significant. The pattern and timing of breathing was studied in 32 patients and compared with control subjects matched by sex, age, and size. Tidal volume (VT) was low in the patients; maximum VT was related to VC (r = 0.761), but at low values of VC VTmax was higher than in healthy subjects with comparable VC. The total breathing cycle time (Ttot) fell with progressive exercise in patients and controls; Ttot for a given ventilation was shorter in the patients. Inspiratory time (Ti) was shorter in patients than controls, as was Ti/Ttot. In most patients with diffuse pulmonary fibrosis exercise is limited by a reduced ventilatory capacity, despite the adoption of a short Ti and high inspiratory flow rate, both of which serve to optimise tidal volume and breathing frequency and presumably reduce both the force developed by inspiratory muscles and the sensation of breathlessness.
Measurement of the ventilatory responses to exercise provides useful information about the functional reserve capacity of the lungs and the control of breathing in healthy people and patients with pulmonary disease. ' Patients with interstitial pulmonary disease (alveolitis and fibrosis) characteristically are dyspnoeic during exercise, and have a limited pulmonary reserve owing to mechanical and gas exchange abnormalities. There have, however, been few systematic studies of the exercise responses in these conditions.2 To meet the ventilatory demands of exercise the intensity, duration, and frequency of force development in the respiratory muscles must alter to oppose the increased impe-dance. This report presents the results of standardised exercise studies carried out in 41 patients with various interstitial lung diseases. Our major aim was to define abnormalities of the pattern and timing of breathing; for this reason we measured the mean time spent in inspiration (Ti, the duration of inspiratory flow), the total duration of the respiratory cycle (Ttot), and the relationship of Ti to Ttot (the proportion of each breath duration which is spent in force development-the inspiratory "duty cycle" 3 4). respiratory rate, Ti, and total breath duration (Ttot) were made for 20 second averaged periods at each work load. In a separate study measurements of Ti made with a pneumotachograph and the dry gas meter showed a small delay in the gas meter response leading to a 5-10% underestimation of Ti/Ttot, which was not influenced by changes in breathing pattern and was considered not to influence comparison between the patients and normal controls.
Methods
Arterial oxygen saturation (Sao2) was monitored by ear oximetry7 (Hewlett Packard) in 31 patients and recordings of Sao2 were made at the end of each power output.
The ventilatory response to exercise was assessed by calculating the group mean Vi at each power output. Analysis of the pattern of breathing was undertaken by comparing the group mean VT, respiratory rate, Ti, and Ttot for 10 I/min intervals of Vi. Predicted maximum power output was calculated from a standard regression equation.6
Linear relationships were determined by the method of least squares and compared by analysis of variance.
Results
Maximum power output (POm.) was reduced to below 80% of that predicted on the basis of sex, age, and size in all but one patient. In comparison with the matched control group of healthy subjects, the patients achieved only 53% of the maximum power output (table). Both the maximum power output ( fig  1) and maximum ventilation ( fig 2) were linearly related to the vital capacity.
Oxygen saturation (Sao2) was measured during exercise in 31 subjects; significant reductions (grea- (fig 3) or the exercise related fall in Sao2 and the reduction in maximum power output. Impairment in pulmonary oxygen transfer has been recognised as the hallmark of pulmonary u-781 ' l I 782 alveolar disorders, leading to the concept of "alveolocapillary block."8 The gas exchange disturbance, which is now considered to be mainly secondary to gross dispersion of ventilation: perfusion ratios,9 was severe enough to cause a fall in Sao2 of more than 5% in 13 of the 31 patients in whom Sao2 was measured (45 %). There was no correlation between the degree of exercise oxygen desaturation and the reduction in lung volumes (VC and total lung capacity), suggesting that measurement of the change in Sao2 with exercise may help in assessing the independent effects of gas exchange disturbances in these patients. Of interest were several patients with severe oxygen desaturation who were able to achieve relatively high power outputs, the most extreme being one who reached a power output of 75 % of the predicted normal value in the face of a 20% fall in Sao2. Presumably in such patients an increase in cardiac output maintains muscle oxygen delivery despite low Sao2, as occurs in normal people breathing low oxygen gas mixtures. '0 Pulmonary hypertension may impair exercise performance owing to associated reductions in cardiac stroke volume and maximal cardiac output. A small stroke volume is associated with a high heart rate response to exercise, but this was found in only seven patients. Generally these patients had severe impairment of pulmonary function and severe disability as measured by the reduction in maximum power output; four showed a significant (greater than 5%) fall in Sao2. The falls in Sao2, however, were too small to account for the increases in heart rate,'0 and an impaired cardiac stroke volume response to exercise is likely to have been present in these patients.
The major factor contributing to a reduced exercise capacity was a limited ventilatory capacity. A relationship was found between maximum power output and vital capacity (fig 1) ; ventilation at the maximum exercise load was also correlated with the vital capacity (fig 2) . Furthermore, more disabled patients showed a higher ventilatory response to exercise (fig 4) , a finding which was probably influenced by oxygen desaturation on exercise and by the high dead space:tidal volume ratio which is characteristic of patients with interstitial pulmonary disorders." Thus the ventilatory impairment in exercise was a combination of an increase in the ventilation and a reduction in the ventilatory capacity to meet the demand, as reflected in the vital capacity (fig 2) .
Early physiological studies of diffuse pulmonary fibrosis showed that most patients showed a low tidal volume and a high frequency pattern of breathing, seen as an adaptation for small, stiff lungs.2" I In contrast, Patton and Freedman'2 found normal Burdon, Killian, Jones VT responses to carbon dioxide inhalation at rest in pulmonary fibrosis despite increases in respiratory mechanical work. In the present study the VT response to increases in ventilation was lower than in normal subjects matched for size (fig 5) . The maximum VT during exercise was linearly related to vital capacity, but when the values in the patients were compared with the relationship found for the normal subjects, whose results were similar to those obtained in previous studies,'3 1" many were above the normal range (fig 6) . That many of our patients showed a higher VTm,, for a given VC than normal subjects is at first sight surprising. Such a comparison, however, contrasts patients with small lungs in a potentially normal sized thoracic cage's with subjects in whom the size of the lungs is appropriate to that of the thoracic cage. If, as seems likely,'" the mechanical properties of the chest wall in fibrosing alveolitis are unaffected, an unusually good mechanical advantage of the inspiratory muscles may allow patients to generate a more negative pleural pressure at a given relative lung volume, thus tending to maintain VT. Inspiratory elastic loads in healthy subjects usually,'6 17 but not always,'8 are associated with increases in respiratory rate and reductions in tidal volume. Although few studies have reported Ti/ Ttot, this ratio may be calculated from the results presented by Agostoni and colleagues'9; elastic loading progressively reduced Ti, but the Ti/Ttot ratio remained constant in their subjects studied during carbon dioxide breathing. The responses to elastic loading have also been studied in normal subjects undergoing cycle ergometer exercise20; all subjects showed a low VT at a given VI. In patients with Pattern of breathing during exercise in patients with interstitial lung disease pulmonary fibrosis at rest, during 5 % carbon dioxide breathing'2 and during exercise,2 14 a low VT, high frequency pattern of breathing has been found and usually ascribed to stimulation of pulmonary irritant or stretch receptors. Bradley and Crawford"4 reported that Ti/Ttot at high levels of ventilation during exercise was about 0*5 in normal subjects and 0.4 in patients with restrictive diseases. In our subjects Ti decreased progressively with increasing Vi up to 40 l/min, but changed little at higher levels ( fig  7) ; Ti was about one second less at all exercise levels in the patients than in the normal subjects. The average inspiratory flow (VT/Ti) was similar in the patients and controls at all levels of exercise, reaching about 3-5 I/s at the higher levels of Vi. If, however, these flow rates are considered in relation to the lung volume at which they were generated, the possibility arises that maximum inspiratory flows were reached2' by the patients.
The depth and rate of breathing normally are linked to maintain normal gas exchange at a minimal cost in terms of respiratory muscle force22 and work. 23 The receptors which signal the increase in respiratory muscle force to enable this adaptive response have been the subject of speculation; but recent research which has quantified the sense of respiratory effort in response to elastic loading of the inspiratory muscles suggests that there may be a behavioural or "learned" component to the mechanisms concerned.
The increased elastance associated with pulmonary fibrosis imposes an impedance to the action of the inspiratory muscles; the peak inspiratory force is the product of the tidal volume and the elastance of the respiratory system. The maintenance of a given tidal volume in the face of high elastance requires a large peak intensity of inspiratory force which could result in diaphragm fatigue, despite normal maximal respiratory muscle power.24 Thus the pattern of breathing adopted in our patients, with reduced tidal volume, was that expected to reduce peak force and delay the onset of fatigue.
Tthe reduction in peak force was accompanied by an increase in the frequency of force development-that is, in the respiratory rate-and a reduction in Ttot, an adaptation which will tend to increase the total force developed. Nevertheless, a shortening of the duration of force development in each breath (reduction in Ti/Ttot, fig 7) served to minimise the total force generated by respiratory muscles over a given time and maximise the ability of the respiratory muscles to maintain force development without fatigue. 25 When inspiratory elastic loads are presented to healthy subjects, their percepticn of the magnitude of the added elastance is only indirectly related to the actual size of the elastance, and directly related to the effort generated against the load.2627 The perceived magnitude (q,) bears a power function to both the intensity (P) and the duration (t) of force development as expressed in the equation26 = 1(Ko0x P3 x tO056.
Thus by minimisation of the peak intensity of force and the time for which it is sustained the perceptual magnitude of the load is also minimised. The results of these sensory experiments suggest that the pattern of force development by inspiratory muscles may be behaviourally selected in the light of sensory information regarding the impedance to breathing. Thus patients with pulmonary fibrosis, when faced with the increased breathing demands of exercise, minimise the peak intensity of force (smaller VT), the duration of force development (shorter Ti) and the time spent in force development in relation to the time of recovery (decreased Ti/Ttot). This pattern may be selected or conditioned as a behavioural response rather than on the basis of reflex mechanisms.
